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Abstract
This study investigates how teleconnections linking tropical rainfall anomalies and wintertime circulation in the northern 
extra-tropics are represented in historical simulations for the period 1950–2010 run by partners of the EU-funded PRIMA-
VERA project, following the HighResMIP protocol of CMIP6. The analysis focusses on teleconnections from the western/
central Indian Ocean in mid-winter and from the NINO4 region in both the early and the late part of winter; this choice is 
justified by a substantial change in the relationship between ENSO and the North Atlantic Oscillation (NAO) in the two 
parts of the season. Model results for both coupled integrations and runs with prescribed sea-surface temperature (SST) are 
validated against data from the latest ECMWF 20th-century re-analysis, CERA20C. Simulations from six modelling groups 
are considered, comparing the impact of increasing atmospheric resolution in runs with prescribed SST, and of moving from 
uncoupled to coupled simulations in the high-resolution version of each model. Single runs were available for each model 
configurations at the time of writing, with one centre (ECMWF) also providing a 6-member ensemble. Results from this 
ensemble are compared with those of a 6-member multi-model ensemble (MME) formed by including one simulation from 
each model. Using only a single historical simulation from each model configuration, it is difficult to detect a consistent 
change in the fidelity of model-generated teleconnections when either atmospheric resolution is increased or ocean coupling 
is introduced. However, when simulations from six different models are pooled together in the MME, some improvements 
in teleconnection patterns can be seen when moving from uncoupled to coupled simulations. For the ECMWF ensemble, 
improvements in the coupled simulations are only apparent for the late-winter NINO4 teleconnection. While the Indian 
Ocean teleconnection and the late-winter NINO4 teleconnection appear equally robust in the re-analysis record, the latter is 
well simulated in the majority of both uncoupled and coupled runs, while the former is reproduced with (generally) much 
larger errors, and a high degree of variability between individual models and ensemble members. Most of the simulations 
with prescribed SST fail to produce a realistic estimate of multi-decadal changes between the first and the second part of 
the 60-year record. This is (at least partially) due to their inability to simulate an Indian Ocean rainfall change which, in 
observations, has a zonal gradient out of phase with SST changes. In coupled runs, at least one model run with both realistic 
teleconnections and a good simulation of the inter-decadal pattern of Indian Ocean rainfall also shows a realistic NAO signal 
in extratropical multi-decadal variability.
Keywords Teleconnections · Climate models · CMIP6 HighResMIP · Historical simulations · Tropical rainfall · 
Extratropical circulation · Interdecadal variability
1 Introduction
Teleconnections have long been recognised as a fundamental 
dynamical mechanism linking weather and climate variabil-
ity in the tropics and the extra-tropics. Although they can be 
detected throughout the whole yearly cycle, many telecon-
nection patterns affecting the northern midlatitudes reach 
their largest amplitude during the northern winter, when the 
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strong vorticity gradients in the subtropical regions intensify 
the Rossby wave sources associated with tropical convection 
(Sardeshmukh and Hoskins 1988).
Although connections between variability in specific 
regions of both tropics and mid-latitudes had been stud-
ied since the 1930′s, the interest in teleconnections grew 
strongly in the early 1980′s, when it was recognised that 
northern hemisphere patterns detected from covariance/
correlation analysis resembled the dynamical response to 
diabatic heating anomalies in the tropics, especially those 
related to the El Nino—Southern Oscillation (ENSO) phe-
nomenon (Wallace and Gutzler 1981; Horel and Wallace 
1981; Hoskins and Karoly 1981; Shukla and Wallace 1983 
among others). In turn, this led to a strong emphasis on tele-
connections in studies on seasonal predictability (see review 
papers in Anderson et al. 1998).
Teleconnections linking tropics and extratropics do not 
act only on seasonal time scales. In the last decade, a grow-
ing interest in sub-seasonal predictions has been accom-
panied by a large number of studies on teleconnections 
associated with the Madden–Julian Oscillation (MJO), and 
especially those linking the MJO and North Atlantic vari-
ability (see Cassou 2008; Lin et al. 2009; Vitart and Molteni 
2010; Garfinkel et al. 2014; Stan et al. 2017; Vitart 2017). 
On multi-decadal time scales, interest in teleconnections 
has been focussed on specific phenomena, such as the link 
between decadal variability in Indian Ocean temperature 
and in the North Atlantic Oscillation, advocated by Hurrell 
et al. (2004) and Hoerling et al. (2004), or the relationship 
between the tropical and extratropical components of the 
Pacific Decadal Oscillation (Newman et al. 2016).
Although it is recognised that a correct modelling of tel-
econnection is essential to relate regional climate change in 
tropical and extratropical regions, assessments of the fidelity 
of climate models used for historical and scenario runs in 
reproducing teleconnections have been comparatively less 
frequent, and have mostly focussed on ENSO variability 
(Bellenger et al. 2013; Weare 2013). In this paper, we fol-
low recent works on predictability associated with tropical 
precipitation anomalies in different tropical regions (Molteni 
et al. 2015; Scaife et al. 2019) to diagnose teleconnections 
in historical runs performed following the HighResMIP 
protocol (Haarsma et al. 2016) of the Coupled Model Inter-
comparison Project—phase 6 (CMIP6). These simulations, 
which were delivered as the “Stream-1” contribution to the 
EU-funded PRIMAVERA project (www.prima vera-h2020 
.eu), cover the period 1950–2014 and have been performed 
with both ocean–atmosphere coupled models and atmos-
phere-land models forced by prescribed sea-surface tem-
perature (SST) from the HadISST-2 dataset (Titchner and 
Rayner 2014).
Assessing the benefits of increased resolution in cli-
mate models is one of the main goals of the PRIMAVERA 
project, and this paper will address one aspect of this topic, 
namely the impact of higher resolution in the atmospheric/
land models. An assessment of the impact of moving from 
atmosphere/land-only to fully coupled models (including 
ocean and sea-ice components) will also be presented. How-
ever, the paper also aims to address some general questions 
which are relevant to most current GCMs, independently 
from their resolution:
• How do errors in model-simulated teleconnections com-
pare with the observational uncertainty in the telecon-
nection patterns, and how affected are they by internal 
variability?
• Teleconnections from certain tropical regions appear to 
be simulated with better fidelity and robustness than oth-
ers; are these differences consistent across models?
• How do teleconnections detected on interannual time 
scales relate to interdecadal changes during the 60-year 
period covered by HighResMIP historical runs, in both 
observations and model simulations?
Investigating these topics is possibly the most original 
aspect of this paper, and our findings provide suggestions for 
future research which go beyond the model-intercomparison 
aspects of our study.
Validating results on the relationship between tropi-
cal rainfall and the extra-tropical circulation on a 60-year 
time scale requires observational estimates of precipitation 
over tropical oceans before the satellite era. Rainfall data 
from the latest 20th-century re-analysis performed at the 
ECMWF with a weakly-coupled data assimilation system, 
named CERA20C (Laloyaux et al. 2018), have compared 
favourably with gridded data over continents in the GPCC 
dataset (Schneider et al. 2017). In this study, upper-air and 
precipitation data from CERA20C are used for verifica-
tion. The latter data have been calibrated against GPCPv2.3 
data in the 1981–2010 period, using a regression procedure 
described in the Appendix.
A description of the model simulations, the observa-
tional data, and the statistical methods used in this study are 
given in Sect. 2. Teleconnections estimated from CERA20C 
data are presented in Sect. 3, comparing results with those 
obtained from other data sources and estimating the uncer-
tainty associated with sampling. The focus is on teleconnec-
tions from the Indian Ocean and the tropical Pacific, whose 
importance for Northern Hemisphere extratropical variabil-
ity has been shown in numerous previous studies. Section 4 
presents results from historical simulations from 6 European 
climate models; here, we assess the impact of increasing 
atmospheric resolution and of moving from prescribed-SST 
to coupled simulations. We also compare variability across 
models and within a single-model ensemble, and discuss 
differences in the fidelity of simulated teleconnections from 
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different tropical regions and/or in different months. How 
teleconnections affect multi-decadal changes in tropical 
and extra-tropical circulation, and the ability of the PRI-
MAVERA models to reproduce them, is the topic of Sect. 5. 
Conclusions are presented in Sect. 6, highlighting the need 
of reasonably-sized ensembles from individual models to 
increase the statistical confidence in most of our results.
2  Datasets and methodology
2.1  HighResMIP simulations from the PRIMAVERA 
project
The historical simulations analysed in this paper have been 
run as a deliverable of the EU-funded project PRIMAVERA 
(see www.prima vera-h2020 .eu), and follow the HighResMIP 
protocol of CMIP-6 (Haarsma et al. 2016). They cover the 
1950–2014 period, using CMIP6 historical forcings, and 
include:
a) runs made with atmosphere-land models, where 
observed SST and sea-ice concentration are prescribed 
using a high-resolution (1/4°) dataset derived from Had-
ISST-2 (Titchner and Rayner 2014);
b) runs made with coupled climate models (including 
atmosphere, land, ocean and sea-ice), started from a 
spin-up run of at least 50 years with constant 1950 forc-
ings.
Both the coupled and uncoupled models have been 
run in a low-resolution and a high-resolution version (the 
actual resolutions being chosen by the individual modelling 
groups). Table 1 lists the institutions, the model acronyms 
and the resolution of the atmosphere and ocean components. 
In this paper, we analyse data from the uncoupled runs at 
low and high resolution, and from the high-resolution cou-
pled runs. For simplicity, we will refer to the prescribed-SST 
runs as AMIP-L and AMIP-H respectively, and to the cou-
pled historical high-resolution runs as CHist-H.
The comparison between results from AMIP-L and 
AMIP-H will address the potential impact of atmospheric 
resolution, while the impact of ocean/sea-ice coupling 
will be assessed by comparing AMIP-H with CHist-H. We 
decided not to include the low-resolution coupled runs in our 
comparisons for two reasons:
• Different groups have used different strategies in going 
from their low-res. to their high-res. coupled runs in 
PRIMAVERA, ranging from using the same ocean con-
Table 1  Institutions (PRIMAVERA project partners), model acronyms, atmosphere and ocean resolution (nominal grid-box size, no. of latitude 
lines in atmospheric model) for the models used in this study
The numbering in the left column will be used to indicate models in selected figures of the paper. More information on the individual model 
components can be found at www.prima vera-h2020 .eu/model ling/
CMCC: Fondazione Centro Euro-Mediterraneo sui Cambiamenti Climatici
Model reference: Cherchi et al. (2019)
CERFACS: Centre Européen de Recherche et de Formation Avancée en Calcul Scientifique
Model reference: Voldoire et al. (2019)
EC-Earth consortium: for full list of partners see: www.ec-earth .org/commu nity/conso rtium /
Model reference: Haarsma et al. (2020)
UKMO-HC: United Kingdom Met Office—Hadley Centre
Model reference: Roberts, M. J. et al. (2019)
MPI: Max-Planck-Institut für Meteorologie, Max Planck Gesellschaft
Model reference: Gutjahr et al. (2019)
ECMWF: European Centre for Medium-Range Weather Forecasts
Model reference: Roberts, C.R. et al. (2018)
Institution Model name Atmosphere resolution (low) Atmosphere resolution (high) Ocean resolution (high)
1 CMCC CMCC-CM2 100 km (192 lat. lines) 25 km (768 lat. lines) 25 km (~ 0.25 deg)
2 CERFACS CNRM-CM6-1 250 km (128 lat. lines) 100 km (360 lat. lines) 25 km (~ 0.25 deg)
3 EC-Earth consortium EC-Earth3P 100 km (256 lat. lines) 50 km (512 lat. lines) 25 km (~ 0.25 deg)
4 UKMO – HC HadGEM3-GC3.1 (HM 
version used as high 
res.)
250 km (144 lat. lines) 50 km (768 lat. lines) 25 km (~ 0.25 deg)
5 MPI MPI-ESM1-2 100 km (192 lat. lines) 50 km (384 lat. lines) 40 km (~ 0.4 deg)
6 ECMWF ECMWF-IFS 50 km (400 lat. lines) 25 km (800 lat. lines) 25 km (~ 0.25 deg)
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figuration, to using models with different resolutions and 
different degrees of retuning. Therefore, an assessment 
of the impact of increasing ocean resolution could not be 
performed for all models; and because of different retun-
ing strategies (as well as the combination with changes 
in atmospheric resolution), differences in teleconnec-
tions from low-res. to high-res. coupled models cannot 
be ascribed to a single common factor.
• There is already ample evidence on the benefit of mov-
ing from eddy-parametrised to eddy-permitting, or eddy 
resolving ocean models in coupled climate simulations 
(with reference to some of the models used here, see Sein 
et al. 2018; Docquier et al. 2019; Roberts et al. 2020).
Although the PRIMAVERA project plan required only 
one single run to be delivered for each configuration, a few 
institutions have run more than one realization in at least 
some of their model configurations. In particular, ECMWF 
has run (at least) six ensemble members for both uncou-
pled and coupled runs at low and high resolution. Therefore, 
in Sect. 4, we are able to compare results from 6-member 
ensembles composed from either single-model or multi-
model simulations.
2.2  Observational reference
The historical simulations in HighResMIP cover the period 
1950–2014. In order to validate the results of the telecon-
nection analysis performed on model data, we need obser-
vational datasets covering a large proportion of this 65-year 
period. Since we are mainly interested in the co-variability 
of tropical rainfall and northern-hemisphere (NH) geopoten-
tial height, we need a reliable estimate of rainfall over the 
tropical oceans spanning several decades and extending back 
into the pre-satellite era.
Because of combination of model biases and variations 
in the observing system, rainfall estimates from conven-
tional re-analysis (using a multiplicity of data sources) 
may exhibit spurious trends and interdecadal differences 
(see the problems with Sahel rainfall variability in differ-
ent re-analyses, discussed by Berntell et al. 2018 and Di 
Giuseppe et al. 2013). In the last 10 years, re-analyses cov-
ering at least a century using a restricted set of surface and 
near-surface data to ensure a higher data continuity have 
been performed by NOAA (20CR, Compo et al. 2011) and 
ECMWF (ERA20C, Poli et al. 2016). Although the impact 
of data discontinuity is reduced in these re-analyses, so is 
the observational constraint on model-generated field such 
as rainfall. Recently, ECMWF produced a second century-
scale re-analysis using a weakly-coupled data assimilation 
system (CERA20C, Laloyaux et al. 2018) and a recent 
version of their coupled model, extending from 1900 to 
2010. Rainfall variability over continents from CERA20C 
was found to be in reasonably good agreement with that 
estimated from the raingauge-based GPCC dataset (Sch-
neider et al. 2017). CERA20C was therefore a potentially 
good candidate as a verification dataset for teleconnection 
patterns from HighResMIP simulations.
A preliminary comparison of tropical rainfall variabil-
ity in CERA20C and in GPCP v2.3 (Adler et al. 2003) 
during the 1979–2010 period (not shown) confirmed the 
overall good quality of CERA20C data, but also showed 
the impact of model biases on rainfall variability and co-
variability, which had been documented in teleconnection 
studies based on seasonal integrations of the ECMWF 
coupled model (Molteni et al. 2015). For this reason, it 
was decided to perform a calibration of CERA20C data 
against GPCP before using the re-analysis rainfall in the 
present study.
The calibration process, performed on monthly-mean 
data, is described in detail in Appendix A. Basically, it 
consists in a stepwise regression, in which GPCP data at 
any grid-point are first estimated using a linear regression 
against CERA20C data at the same point. In a second step, 
the residual term (by definition orthogonal to the local sig-
nal) is regressed against the leading principal components 
of the global CERA20C rainfall anomalies. This process 
is performed separately for each calendar month, using 
regression coefficients computed from a 3-month window 
over 30 years (1981–2010) in order to ensure continuity 
and increase statistical significance. For example, February 
data in the 1950–2010 period are calibrated using regression 
coefficients computed from January, February and March 
data in the satellite era.
As shown in the Appendix, in most locations the local 
term accounts for the majority of the GPCP rainfall vari-
ance, but there are regions in the tropics and the subtropics 
(such as those surrounding the Maritime Continents) where 
the contribution of the non-local correction is important. 
For geopotential height, no calibration was necessary for 
our study, since the model biases of mid-tropospheric fields 
in the northern extratropics are relatively small and the 
observational constraint provided by near-surface data is 
well exploited by the 4D-var assimilation system used in 
CERA20C.
2.3  Computation of teleconnection patterns 
and associated metrics
The computation of teleconnection patterns in this study 
follows the simple methodology adopted by Molteni et al. 
(2015). If we want to relate the variability of field  F1 in a 
given location (or its gradient in a region) with the vari-
ability of field  F2 on a global or hemispheric domain, we 
perform the following two steps.
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• For each time interval in the selected time domain, an 
index of the teleconnection “source” S(t) is defined 
either as the area average of anomalies of field  F1 in a 
given longitude-latitude box (eg rainfall anomalies in 
the NINO4 region), or as a difference of area-averaged 
anomalies in two regions (as in the NAO index based on 
500-hPa height used by Molteni et al. 2015).
• A teleconnection pattern T(x) is defined as the covariance 
between anomalies of  F2 at any grid point in a chosen 
spatial domain and the source index S(t), divided by the 
standard deviation of S(t):
In this way, T(x) is a dimensional field representing the 
anomaly of  F2 associated with one positive standard devia-
tion of the index S(t).
In the calculation of teleconnections, anomalies are 
always defined with respect to the mean in the same period 
for which the covariances are computed; specifically, 
60-winter means are used to compute 60-winter covariances. 
No detrending or moving averages have been applied.
Suppose that teleconnection patterns with the same index 
are computed from two different samples, for example form 
re-analysis and model data, and their difference in a target 
area A needs to be quantified. A simple metric to quantify 
this is given by the Euclidean norm (ie, the root-mean-
square amplitude over area A) of the difference between the 
two patterns, divided by the average of their norms:
Note that, in a phase space spanned by the anomalies 
of field  F2, the origin (corresponding to climatology) and 
the two teleconnection patterns  T1 and  T2 define a trian-
gle whose sides are measured by the three norms in Eq. 2. 
Therefore the normalised difference δ is bound to be between 
0 and 2, where the upper limit corresponds to an exact anti-
correlation in space between the two patterns. This graphical 
interpretation is also valid when two teleconnection patterns 
are visualised in a so-called Taylor diagram (Taylor 2001), 
provided that one of the two patterns is taken as a reference 
(ie, it defines the x-axis of the diagram).
Finally, we point out that teleconnection patterns defined 
by Eq. 1 are sensitive to the amplitude of the  F2 anoma-
lies. These are preferred to patterns defined by correlations, 
since one common error in the GCM representation of tel-
econnections is an (often serious) underestimation of their 
amplitude with respect to observations. Using the normal-
ised difference in Eq. 2 to quantify errors in teleconnections 












= ∥ T1(x) − T2(x) ∥A ∕ 0.5 (∥ T1(x) ∥A
+ ∥ T2(x) ∥A)
our chosen metric; specifically, model patterns with low 
amplitude are characterised by large values of δ because of 
the normalisation by the combined amplitude of observed 
and model patterns in Eq. 2.
3  Teleconnections in CERA20C
3.1  Selection of regions and periods
In scientific literature, teleconnections have been computed 
with a variety of techniques and over a large number of space 
and time domains. This paper does not aim to provide a com-
prehensive picture of teleconnections in the PRIMAVERA 
simulations; rather, we will concentrate on teleconnections 
linking the northern-hemisphere (NH) extra-tropical circula-
tion with diabatic heating anomalies in selected areas of the 
tropical Indo-Pacific regions, which have been recognised 
in previous studies as key areas for tropical-extratropical 
interactions. Specifically, we will focus on two tropical areas 
where rainfall anomalies have been shown to have significant 
links to NH anomalies during the boreal winter (Molteni 
et al. 2015; Scaife et al. 2019), namely the western/central 
Indian Ocean (WCIO) and the central Pacific at longitudes 
corresponding to the NINO4 region.
Following the terminology of Sect. 2.3, our “sources” 
of teleconnections are defined as rainfall anomalies in the 
following areas:
It should be noted that our definition of the NINO4 region 
has a wider meridional extent than the traditional definition 
based on a 5N-5S band; this is done to better capture the 
extent of rainfall anomalies and to have anomalies defined 
in regions of equal size.
Molteni et al. 2015 identified these two regions as corre-
sponding to regional maxima in the correlation between sea-
sonal-mean SST and rainfall in individual locations (see their 
Fig. 1). In other words, in these areas above-average SST 
is associated with above-average rainfall, with the positive 
correlation being particularly strong in the NINO4 region. 
On the other hand, the region in between, covering the east-
ern tropical Indian Ocean, the Maritime Continents and 
the western edge of the tropical Pacific, is characterised by 
much weaker or even negative correlation between SST and 
rainfall, indicating that SST responds to (rather than forces) 
changes in radiative and surface heat fluxes induced by anom-
alies in the Walker circulation. The focus on the WCIO and 
NINO4 region is therefore justified by their characterization 
as actual forcing regions for the atmospheric flow.
WCIO: 40E −90E, 10N −10S
NINO4: 160E −150W, 10N −10S
 F. Molteni et al.
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The choice of the WCIO and NINO4 regions can also 
be based on the examination of the leading modes of rain-
fall variability in the Indo-Pacific region. Figure 1a shows 
the pattern of the leading empirical orthogonal function of 
monthly rainfall in the Indo-Pacific region derived from 
monthly CERA20C data from November to March 1950 to 
2010 (precisely, the map is computed as the covariance with 
the 1st principal component computed in the domain delim-
ited by the blue box). The WCIO and NINO4 regions, shown 
by the red boxes, stand out as regions of spatially coherent 
rainfall anomalies.
One could object that the pattern in Fig. 1a is very close 
to the mean rainfall response to ENSO, and therefore rain-
fall in both regions are both dependent on the same SST 
signal. However, if we remove the ENSO SST signal by 
subtracting the regression of rainfall anomalies onto the 
NINO3.4 SST, and also limit the EOF computation to the 
region west of 160E, the covariance with the  1st principal 
component (see Fig. 1b) still shows a tripolar pattern with 
nodes and maxima at the same locations, albeit with much 
reduced amplitude in the central Pacific. This indicates 
that rainfall variability with the tripolar pattern in Fig. 1b 
can exist independently of ENSO. In fact, this rainfall 
pattern resembles one of the EOFs of outgoing longwave 
radiation (OLR) associated with MJO variability (Lin et al. 
2009), as well as the inter-decadal changes in tropical rain-
fall discussed in Sect. 5.
In many studies on tropical-extratropical teleconnections, 
data are averaged according to traditional seasonal defini-
tions. However, since here we are specifically concerned 
with impacts on the North-Atlantic and European regions, 
we should take into account that the ENSO impact on these 
regions changes significantly from late fall/early winter to 
the late part of winter (see Ayarzaguena et al. 2018, King 
et al. 2018 and references within). Therefore, instead of 
using the traditional December-to-February (DJF) means, we 
will compute teleconnections from NINO4 separately from 
November–December (ND) means and from January–Febru-
ary (JF) means. For consistency, we will use 2-month means 
also for the WCIO teleconnections; since the WCIO link 
to the North Atlantic is more consistent through the boreal 
winter, and reaches its maximum strength in December and 
Fig. 1  a Covariance of rain-
fall anomalies with the first 
principal component (PC) of 
monthly-mean rainfall over 
the Indo-Pacific Ocean in the 
November-to-March season, 
from calibrated CERA20C 
data. Blue box: domain of PC 
analysis. Red boxes: near-
equatorial regions used in 
the teleconnection study of 
Molteni et al. 2015, namely the 
western-central Indian Ocean 
(WCIO: 40E–90E, 10N–10S) 
and a meridionally extended 
NINO4 region (160E–150 W, 
10N–10S). b: as in (a) but from 
a PC analysis in an Indian-West 
Pacific domain, after subtracting 
the rainfall component corre-
lated with NINO3.4 SST
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January, we will use a DJ mean to display the WCIO telecon-
nection pattern.
To support the above statements, we show in Fig. 2 cor-
relations of a NAO index with equatorial SST and rainfall 
anomalies (averaged in overlapping 20 × 20-degree boxes) 
in the Indo-Pacific domain, for averages in ND, DJ, and JF 
computed from HadISST-2 and CERA20C data. Here we 
have used an Atlantic-wide NAO index, also adopted by 
Molteni and Kucharsky (2019), which is based on 500-hPa 
height anomalies from 70 to 20 W and better captures the 
traditional ENSO response over the Atlantic than indices 
based on eastern Atlantic grid points (see discussion in 
Sects. 3.2 and 3.3, and Table S1 in Supplementary Mate-
rial). Both SST and rainfall correlations change sign in the 
central and eastern Pacific between early and late winter, 
while the rainfall signal keeps the same sign in the WCIO 
region (even though the location of the maximum shifts to 
the east in late winter).
It is worth noting that NAO correlations with equato-
rial SST only exceed the 90% confidence level in parts of 
the eastern Pacific; over the Indian Ocean, only NAO cor-
relations with rainfall anomalies are significant, reaching 
approximately 0.4 with anomalies centred between 60 and 
80E in DJ. The fact that correlations with SST change sign 
from ND to JF in the western Indian Ocean, while those 
with rainfall are larger and positive throughout the winter, 
suggests that the WCIO rainfall anomalies which correlate 
with the NAO are only weakly constrained by local SST 
anomalies.
3.2  Northern hemisphere teleconnections 
with tropical rainfall
Having defined the tropical teleconnections sources and 
the appropriate time domains, we can now investigate the 
connections between the tropical rainfall variability and 
anomalies in the NH circulation and temperature patterns, 
using CERA20C data for winters 1950/51 to 2009/10. Fig-
ure 3 shows teleconnection of 500-hPa height and 850-hPa 
Fig. 2  Correlation between an 
Atlantic-wide NAO index (see 
Eq. 3a) and anomalies of SST 
(a) and rainfall (b) averaged in 
20 × 20-degree boxes centred on 
the Equator, from two-month 
averages in November–Decem-
ber (orange), December-January 
(green) and January–February 
(blue). The horizontal grey lines 
delimit the range beyond which 
correlation is significant at a 
90% confidence level in a two-
tail test. Data from CERA20C 
re-analysis
 F. Molteni et al.
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temperature with tropical rainfall anomalies from WCIO (in 
DJ) and NINO4 (ND and JF), computed according to Eq. 1.
The WCIO teleconnection in geopotential height (Fig. 3a) 
shows a pattern dominated by zonal wavenumbers 2 and 3, 
with the main negative centres over the Aleutian Islands 
and Southern Greenland, and a strong projection onto the 
positive phase of the NAO. The anomalous south-westerly 
flow towards western Europe is associated with advection of 
warm Atlantic air over the European continent, resulting in 
a warm anomaly over most of the continent (Fig. 3d). Warm 
anomalies are also present over most of North America and 
North Asia; indeed, Molteni et al. 2015 already discussed 
the similarity of the WCIO teleconnection with the Cold 
Ocean—Warm Land (COWL) pattern defined by Wallace 
et al. (1996).
Consistent with the results in Fig. 2, the NINO4 telecon-
nection (Fig. 3b, c) has opposite projections onto the NAO in 
ND and JF, although in both cases the Euro-Atlantic anoma-
lies are shifted (either to the south in ND or to the west in JF) 
with respect to the canonical NAO pattern. For this reason, 
the NINO4 impact is better described by the Atlantic-wide 
index used by Molteni and Kucharski (2019):
than by an index based on boxed centred around Portugal 
and Iceland:
where Z′ is the 500-hPa height anomaly (see Supplementary 
Material).
The NINO4 signal in the central and eastern part of North 
Pacific becomes much stronger in late winter, as well as the 
temperature impact over North America; this justifies the 
frequent use of January–March seasonal means in studies 
of seasonal predictability over North America. Although the 
late winter response to ENSO is probably the most studied 
among tropical-extratropical teleconnections, it is worth not-
ing that, in terms of impact on European temperatures, the 
WCIO teleconnection gives a much stronger signal than the 
late-winter NINO4 response.
Since one may question the reliability of CERA20C data 
before the satellite era, the geopotential patterns shown in 
(3a)
NAO (70W − 20W) = Z� [70W − 20W, 30N − 45N]
− Z� [70W − 20W, 55N − 70N]
(3b)
NAO (Portugal − Iceland) = Z� [25W − 5E, 30N − 45N]
− Z� [40W − 10W, 55N − 70N]
the left column of Fig. 3 have been recomputed for the sec-
ond half of the record (1981–2010), and are shown in Fig. 4. 
This calculation has been done using both CERA20C data 
(left-column of Fig. 4) and a combination of ERA-interim 
(Dee et al. 2011) data for height and GPCP2.3 (Adler et al. 
2003) for rainfall (right column of Fig. 4). Patterns are very 
similar to those in the 60-year CERA20C record; one may 
note a strengthening of the NAO signal in the WCIO tel-
econnection for the last 30 years, which reinforces the wave-
number-2 component in the hemispheric pattern, and also 
a stronger late-winter response to NINO4 anomalies in JF.
3.3  Measures of statistical significance
In the following, the similarity between observed and 
modelled teleconnection patterns will be quantified by the 
normalised rms error defined by Eq. 2. Two NH regions 
are considered for the model assessment: a North Atlantic/
Europe sector (30–85 N, 80 W–40E) and a North Pacific/
North America sector (30–85 N, 160E–80 W). For reasons 
of brevity, only differences in geopotential height patterns 
will be presented; the teleconnection patterns derived from 
CERA20C data and shown in the left column of Fig. 3 will 
be taken as a reference.
In doing a comparison between teleconnections in re-
analyses and model data, one should account for the fact 
that the re-analysis patterns are also affected by errors. These 
partly originate from limitations in the data assimilation pro-
cess (especially in surface-driven twentieth century re-anal-
yses) which may induce flow-dependent biases in the data, 
and partly from the sampling errors that affect the computa-
tion of covariances from a limited sample (see Deser et al. 
2017 for a detailed analysis on the ENSO teleconnection). 
In this subsection, we concentrate on the second type of 
uncertainty, and estimate confidence levels which can be 
compared with differences between observed and modelled 
teleconnections.
In order to assess the probability that differences may 
arise just by sampling events from two populations with the 
same statistical properties, we used a bootstrap technique to 
construct 200 alternative 60-year samples from the whole 
1950–2010 CERA20C record. To account for the potential 
effect of radiative forcing trends which are expected to be 
reproduced in the PRIMAVERA runs, and the consequent 
change in the mean state (note that in AMIP runs SST trends 
are prescribed), we impose the condition that the number of 
years resampled from either the first or the second half of 
the CERA20C record cannot exceed 2/3 of the total. This 
means that our bootstrap statistics are appropriate for runs 
that span the full 60-year record.
For each of the 200 bootstrap samples, we computed 
teleconnection patterns of 500-hPa height with WCIO and 
NINO4 rainfall, and derived statistics of the differences with 
Fig. 3  Left column (a–c): Covariance of 500-hPa geopotential height 
over the NH with normalised precipitation anomalies in the tropi-
cal regions defined in Fig.  1. Top: covariance with WCIO prec. in 
Dec-Jan; centre: covariance with NINO4 prec. in Nov-Dec; bottom: 
covariance with NINO4 prec. in Jan-Feb. Right column (d–f): as in 
left column but for covariances with 850-hPa temperature. Data from 
CERA20C in winters 1950/51 to 2009/10
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respect to the actual (non-resampled) teleconnection patterns 
shown in Fig. 3a–c. We also computed such statistics from 
patterns obtained by merging six 60-year random samples, 
to be compared with those from six-member ensembles of 
model simulations. Specifically, we estimated distributions 
of:
• local differences at individual grid points;
• normalised rms differences δ averaged over the Euro-
pean-Atlantic and the Pacific-North American domains 
defined above.
From these distributions, confidence levels for the 
hypothesis that difference between model and observed tel-
econnections exceed those caused to random sampling were 
estimated. For local differences, a 90% confidence level will 
be used to highlight regions with significant errors in the 
model teleconnections patterns shown in Figs. 6, 8, 9, 11 and 
12 of Sect. 4. For area-averaged values of δ, 90% and 95% 
confidence levels are used to assess the significance of the 
area-averaged errors shown in Fig. 10 of Sect. 4.
As an example, the cumulative distributions D(δ) of nor-
malised differences in the European-Atlantic sector (from 
individual 60-year samples) are shown in left-column of 
Fig. 5. A steeper curve can be seen for the differences in 
WCIO teleconnection than for those in the NINO4 patterns 
in either early or late winter, indicating that the WCIO pat-
tern over the Atlantic is more robust with respect to sam-
pling errors. The same computation for the Pacific-North 
American region (not shown) indicates that the late-winter 
NINO4 teleconnection is the most robust in this sector, with 
a distribution curve as steep as that of the WCIO Atlantic 
response.
From the same bootstrap sample, the probability density 
function (PDF) of NAO indices in the three teleconnection 
patterns considered above has also been computed, using the 
definitions given in both Eqs. 3a and 3b. In the right column 
of Fig. 5, we show PDFs for the Atlantic-wide index already 
used for the computation of Fig. 2, which is particularly 
suited to represent the signal in the NINO4 response (see 
Supplementary Material for a comparison with the more 
traditional “Portugal-minus-Iceland” index, and a discus-
sion on changes in the NAO statistics at multi-decadal time 
scales). Note that although the amplitude of the NAO signal 
has non-negligible sampling variability, the sign of the NAO 
signal in the three teleconnection patterns is clearly defined 
when the Atlantic-wide index in Eq. 3a is used. This means 
we can be confident in the sign of the NAO signal in the 
teleconnection patterns shown in Fig. 3a–c, at least as far as 
anomalies in the western and central Atlantic are concerned.
If the Portugal-Iceland index (Eq. 3b) is used, confidence 
in the positive NAO sign of the WCIO teleconnection is even 
stronger; for the late-winter NINO4 teleconnection, NAO 
values remains mostly in the negative range, but positive 
values up to 2 dam are also possible (see Fig. S1 in Sup-
plementary Material). This reflects a moderate uncertainty 
in the eastern Atlantic and European part of the NAO signal 
connected to NINO4 rainfall, especially when compared to 
the stronger connection with the WCIO region.
4  Teleconnections in historical runs 
from PRIMAVERA
4.1  Results from the ECMWF ensemble
We start our evaluation of model teleconnection from the 
6-member ensembles of AMIP and coupled simulations 
made with the ECMWF model. For the computation of tel-
econnections, members are concatenated to provide a record 
of 61 × 6 years, a single mean is defined for each variable as 
the average over both time and ensemble members, and vari-
ances/covariances are computed with respect to this mean.
Maps of 500-hPa height teleconnections with WCIO and 
NINO4 rainfall in the AMIP-L, AMIP-H, CHist-H ensem-
bles are compared in Fig. 6; regions where the model pat-
terns differ from the CERA20C teleconnections in Fig. 3a–c 
at a 90% confidence level (estimated from the variability 
of re-sampled datasets from CERA20C, as discussed in 
Sect. 3.3) are indicated by stippling. Taylor diagrams for 
these patterns, using the observed teleconnections in 
Fig. 3a–c as a reference, are shown in Fig. 7, where the nor-
malised errors over the Atlantic-European and Pacific-North 
American sectors are also listed.
As reported in Roberts et al. (2018), for the NINO4 tel-
econnection in late winter the similarity between model and 
re-analysis improves going from AMIP-L to AMIP-H and 
then to CHist-H, particularly over the Atlantic-European 
area, where the normalised error is 1.41, 0.88 and 0.41 for 
the 3 model configurations. For the WCIO and early-winter 
NINO4 teleconnections, the two AMIP ensembles provide 
comparable results, while the coupled ensemble shows a 
clear degradation. Over the Atlantic-Europe, the normalised 
error of the WCIO teleconnection goes from 0.66 in AMIP-L 
to 0.85 in CHist-H; the error increase is even stronger for the 
early-winter NINO4 teleconnection, from 0.85 in AMIP-L 
to 1.75 in CHist-H. The degradation of the WCIO telecon-
nection going from prescribed SST runs to coupled runs was 
also found in seasonal re-forecasts made with same ECMWF 
model cycle (Johnson et al. 2019).
Fig. 4  Covariance of 500-hPa geopotential height over the NH with 
normalised precipitation anomalies in the tropical regions defined in 
Fig. 1. Left column (a–c): as in Fig. 3a–c, but for winters 1980/81 to 
2009/10. Right column (d–f): as in the left column, but using rainfall 
data from GPCP v2.3 and 500-hPa height from ERA-Interim
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Teleconnection maps and their normalised errors have 
also been computed for individual ensemble members; the 
range of errors from single members is indicated in Table 2, 
for both the Atlantic-European (Table 2a) and the Pacific-
North American region (Table 2b). The smallest range in 
the normalised error is found for the NINO4 teleconnection 
in JF over the latter region; teleconnections usually show a 
larger spread over the Atlantic region than over the Pacific, 
with a ratio of 1:2 to 1:3 between the smallest and the largest 
error of single members.
To illustrate the actual spread in the full patterns, Fig. 8 
shows teleconnections with Indian Ocean rainfall from the 6 
members of the ECMWF CHist-H ensemble. While ensem-
ble members 3, 4 and 6 show a positive NAO signal, com-
parable to that found in the full AMIP ensembles (Fig. 6a, 
6d), the first two members show a very weak response over 
both the North Atlantic and the North Pacific.
At least two alternative explanations can be given for the 
results shown in Fig. 8. One possibility is that, while cou-
pling affects the average strength of the WCIO teleconnec-
tion, atmospheric internal variability in the model generates 
enough differences in single-member responses to produce a 
few particularly poor outliers in CHist-H. Another possibil-
ity is that differences in ocean mean state and/or variability 
between different coupled members are the main cause of 
the differences in teleconnections.
Looking at the range of normalised errors for the WCIO 
teleconnections over the Atlantic-European region, listed in 
Table 2a, one finds that members of the CHist-H ensemble 
show a wider error range than the members of the AMIP-
H ensemble (which use the same atmospheric component). 
This suggests that internal variability in coupled phenomena 
plays a role in increasing the variability of teleconnection. 
On the other hand, over the Atlantic-European region the 
largest error among the AMIP-H members is only about 20% 
lower than the error the worst CHist-H member, and actu-
ally three CHist-H members (no. 3, 4 and 6) have normal-
ised errors which are equal or lower than the smallest error 
among AMIP-H members.
If we focus on the relationship between WCIO rainfall 
and NAO variability, we can also quantify the strength and 
fidelity of the teleconnection by comparing the covariance 
between the normalised WCIO index and the (dimensional) 
Portugal-Iceland NAO index defined in Eq. 3b (This is 
equivalent to computing the NAO index from the telecon-
nection patterns defined by Eq. 1)
Figure 9a shows the WCIO-NAO covariance for the six 
members of the AMIP-L, AMIP-H and Chist-H ensembles; 
the value from CERA20C (36 m) is indicated by a horizontal 
grey line. There is a wide overlap between the NAO covari-
ances from the members of the three ensembles, with most 
members showing values between 10 and 25 m. However, 
each of the AMIP ensembles has one member with a NAO 
covariance close to observation, while values less than 10 m 
are only shown by the first two members of CHist-H. The 
possibility that such low values are related to different ocean 
variability is explored in Fig. 9b, where the NAO covariance 
of the CHist-H members is plotted against the interannual 
standard deviation of the Nino3.4 SST in DJ. It turns out 
that the two members with very low NAO signal are those 
with the largest Nino3.4 variability (exceeding the observed 
value by about 20%), while the three members with largest 
NAO signal have Nino3.4 variability close to or lower than 
observed SST.
The reason why a larger ENSO variability leads to a 
deterioration of the WCIO-teleconnection in the ECMWF 
coupled model is further explored in the Supplementary 
Material. Summarizing the results, we found that ENSO 
variability is associated with a seasonally-persistent meridi-
onal shift of rainfall in the central Indian Ocean, rather than 
a rainfall change which is (in observation and AMIP runs) 
nearly-symmetric with respect to the Equator (see Figs. S4 
and S5). From CERA20C data, it is found that a north–south 
dipole in rainfall anomaly over the central Indian Ocean has 
a negligibly small connection with the NAO, while a coher-
ent signal across the equator between 70 and 90E gives an 
NAO teleconnection very similar to the full WCIO (Fig. S6).
Also, we found that the meridional shift of Indian Ocean 
rainfall is due to the connection between ENSO and large-
amplitude SST anomalies in the eastern equatorial Indian 
Ocean (EEIO) simulated by the ECMWF model dur-
ing boreal autumn (see Fig. 4 in Johnson et al. 2019 and 
Table S2). If, for each year between October and January, 
data are selected from the single CHist-H member with 
the autumn SST anomaly in EEIO closer to the observed 
anomaly, the winter (DJ) WCIO teleconnection computed 
from this composite dataset shows an NAO covariance of 
30 m, almost as large as in the “best” member of AMIP-H 
(see Fig. 9c and S7).
This aspect of the systematic error in coupled SST-rainfall 
variability in the Indian Ocean affects all members of CHist, 
and therefore may explain the overall poor WCIO telecon-
nections in this ensemble. However, because of the (nega-
tive) correlation between SST in the eastern Indian Ocean 
and the central Pacific in boreal autumn, it has a stronger 
Fig. 5  Left column (a–c): cumulative distribution of the normal-
ised distance δ between teleconnection patterns of 500-hPa, derived 
from 200 re-sampled datasets of 60 winters and from the original 
CERA20C 60-winter dataset. Distances are computed over a Euro-
pean-Atlantic domain (80  W–40E, 30  N–85  N). The top/centre/bot-
tom panels correspond to the three teleconnection patterns shown in 
Fig. 3a–c respectively. Right column (d–f): as in the left column, but 
for the probability density function of the NAO index (from Eq. 3a, in 
dam) in the three teleconnection patterns
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Fig. 6  Teleconnection patterns (as in left column of Fig. 3) computed 
from 6-member ensemble historical simulations with the ECMWF 
model. Left: low-resolution AMIP ensemble (AMIP-L); Centre: high-
resolution AMIP ensemble (AMIP-H); right: high-resolution coupled 
historical ensemble (CHist-H). Stippling denotes regions where dif-
ferences from the CERA20C teleconnection patterns are signifi-
cant at a 90% confidence level (estimated by the bootstrap technique 
described in Sect. 3.3)
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impact on the teleconnection if a larger-than-average ENSO 
variability is simulated in individual coupled simulations.
4.2  Results from six European climate models
We now consider simulations performed with the six Euro-
pean climate models listed in Table 1. Most such simula-
tions are only available as single runs rather than ensem-
bles, so for consistency we have used what is referred to as 
‘ensemble member 1′ (r1i1p1f1 in HighResMIP notation) for 
each model configuration. The first member of the ECMWF 
ensemble is also included in this analysis. For both AMIP 
and coupled simulations, teleconnection patterns have been 
computed for each of these models, as well as for a six-
member multi-model ensemble (MME) obtained by merg-
ing the anomalies from each simulation into a 6 × 60 field 
dataset. The AMIP-L, AMIP-H and CHist-H MMEs have 
the same size as the corresponding ECMWF ensembles; 
however, MME anomalies are computed with respect to the 
mean of each model run, rather than as differences from the 
time and ensemble mean. An obvious objection to the MME 
approach is that there is a large variety of resolutions in the 
low-resolution and high-resolution groups of PRIMAVERA 
models (see again Table 1); therefore one should use such 
MME results only in a comparative way, and avoid drawing 
conclusions about ‘critical’ levels of resolution.
Normalized errors for 500-hPa height teleconnections 
over the Atlantic-Europe and Pacific-North America from 
individual historical runs of the 6 climate models, as well 
as from the full ECMWF and MME ensembles, are com-
pared in Fig. 10 with the confidence levels derived from 
the bootstrap re-sampling of the CERA20C record. Red, 
green and blue mark indicate errors from AMIP-L, AMIP-
H and CHist-H simulations respectively. The numbering on 
the x-axis corresponds to the models’ numbers in Table 1; 
scores for the ECMWF and MME ensembles are indicated 
as model 7 and 8 respectively. The 90% and 95% confidence 
levels are marked by grey lines: marks lower than these lines 
indicate an error in teleconnection patterns comparable with 
sampling uncertainty. The following main messages can be 
derived from Fig. 10.
• From these scores, there is no systematic evidence of 
a positive impact of increasing atmospheric resolution, 
or of going from uncoupled to coupled simulations; 
results are different for individual models, and also vary 
depending on the source and verification regions. For 
example, for the Indian Ocean teleconnection over the 
Atlantic (Fig. 10a), for three models the best results (i.e. 
the smallest errors) are obtained by the high-resolution 
coupled run, for the other three by the low-resolution 
AMIP.
• As typical for multi-model ensembles, the errors of 
the MME teleconnections are lower than those of the 
majority of individual models. It is worth noting that, in 
both the ECMWF ensembles and the MMEs, the differ-
ence in scores between different model configurations 
are reduced with respect to the single-member results. 
However, even multi-model scores do not provide a con-
sistent message with regard to the impact of resolution 
and coupling, with results depending on the specific tel-
econnection considered.
• A quite consistent pattern appears when scores for dif-
ferent teleconnection sources are compared with the 
confidence levels estimated from the observed interan-
nual variability. As for the ECMWF ensemble discussed 
above, the vast majority of model simulations reproduce 
the late-winter response to NINO4 rainfall over the 
Pacific and North America with good fidelity, while the 
errors for the Indian Ocean teleconnection over Europe 
far exceed (in most cases) the confidence levels. Errors 
for the late-winter response to NINO4 rainfall are much 
larger over the Atlantic than over the Pacific, but the con-
fidence levels in the former area are also larger, so the 
actual skill of the models is consistent with the larger 
uncertainty in the Atlantic response.
• Comparing different teleconnection sources and veri-
fication areas, it appears the worst performance of the 
coupled ensembles is found for the early-winter NINO4 
Table 2  Normalised error range (min.—max.) over the Atlantic-European region (a) and the Pacific-North American region (b) for the telecon-
nections from the 6 members of the ECMWF AMIP and coupled historical ensembles
a) Atl.-Eur WCIO, DJ NINO4, ND NINO4, JF
AMIP-L 0.57–0.90 0.36–1.36 0.50–1.71
AMIP-H 0.69–1.35 0.50–1.26 0.70–1.35
Coupled-Hist.-H 0.49–1.56 1.32–1.87 0.47–0.96
b) Pac.-N.Am WCIO, DJ NINO4, ND NINO4, JF
AMIP-L 0.85–1.00 0.42–0.91 0.53–0.71
AMIP-H 0.68–1.23 0.62–0.92 0.47–0.67
Coupled-Hist.-H 1.11–1.60 0.70–1.19 0.33–0.51
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teleconnection over the Atlantic and Europe (Fig. 10b). 
In this case, both the ECMWF and the MME coupled 
ensemble are worse than their respective AMIP simula-
tions. Ayarzaguena et al. (2018) also documented a poor 
simulation of the early-winter ENSO teleconnection to 
the North Atlantic and Europe by CMIP-5 coupled mod-
els, and suggested a link to deficiencies in the simulation 
of Caribbean rainfall anomalies in the historical CMIP-5 
runs.
Figure  11 shows 500-hPa teleconnection maps from 
the three MMEs, in a similar format as for the ECMWF 
ensembles in Fig. 6. Comparing Fig. 11g with Fig. 3a, the 
coupled simulation of the Indian Ocean response shows a 
wavenumber-2 pattern which resembles the structure of the 
observed response at hemispheric scale. However, looking 
at regional domain, the AMIP-H MME has a stronger signal 
over the North Pacific, while the AMIP-L MME shows the 
strongest positive NAO signal although its hemispheric pat-
tern is too zonally symmetric. As deduced from the scores 
in Fig. 10f, both coupled and uncoupled runs do a good job 
in simulating the late-winter response to NINO4 rainfall. 
Here, coupling reduces the strength of the North Pacific 
response, but it increases the agreement with observations 
over Europe. On the other hand, in all three MMEs the early-
winter response to NINO4 rainfall looks like a weaker ver-
sion of the late-winter response (as in the CMIP-5 analysis 
by Ayarzaguena et al. 2018; see their Fig. 3), with only a 
Fig. 9  a Covariance between normalised WCIO rainfall in Dec-
Jan and the Portugal-Iceland NAO index in the six members of the 
AMIP-L (red), AMIP-H (green) and CHist-H (blue) ECMWF ensem-
bles; (b) CHist-H covariance plotted against the standard deviation of 
Dec-Jan NINO3.4 SST in each ensemble member. The grey line in 
(a) and the black square in (b) indicate re-analysis values. c Covari-
ance between normalised WCIO rainfall in Dec-Jan and 500-hPa 
height, from a composite dataset including data from the ECMWF 
CHist-H ensemble member with the smallest difference between 
model and observed SST over the eastern eq. Indian Ocean in Oct-
Nov. Stippling indicates areas where differences from the CERA20C 
pattern in Fig. 3a are significant at a 90% confidence level
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marginal sign of a positive NAO component. In this case, 
the AMIP-H ensemble shows the smallest error over the 
Atlantic.
For the six CHist-H simulations, teleconnection maps 
with Indian Ocean and NINO4 rainfall (the latter in late 
winter) are shown in Figs. 12 and 13 respectively. For the 
NINO4 teleconnection (Fig. 13), results are quite consist-
ent over the North Pacific (as indicated by the scores in 
Fig. 10f), while the response over the North Atlantic and 
(especially) Europe shows a large amount of variability. 
The two coupled simulations with the smallest error over 
the Atlantic-European region (from CMCC and ECMWF) 
both show a negative NAO signal in the western and central 
Atlantic, although the flow over western Europe changes 
from anti-cyclonic in the CMCC pattern (Fig.  13a) to 
cyclonic in the ECMWF pattern (Fig. 13f).
The response to Indian Ocean rainfall (Fig. 12) shows 
large inter-model differences over most of the hemisphere, 
with a clear positive NAO signal in the CNRM, HadGEM 
and (even more so) in the MPI simulations. This telecon-
nection appears particularly weak in the single-member 
ECMWF simulation, but it should be noted (from Fig. 8) 
that three other members of the ECMWF coupled ensemble 
show an NAO signal comparable with the coupled MME 
signal in Fig. 11g. Ensemble simulations for each model 
configurations would be needed to assess the relative con-
tribution of model formulation and internal variability to the 
differences among the patterns shown in Figs. 12 and 13.
5  Multi‑decadal variability in historical runs 
with uncoupled and coupled models
In the previous section, the focus of our analysis has been 
on the simulation of teleconnections on the interannual time 
scale. However, historical simulations spanning more than 
60 years give the opportunity to assess how the PRIMA-
VERA models perform in reproducing inter-decadal vari-
ability. Although a detailed analysis of decadal variability 
in the PRIMAVERA runs is clearly beyond the scope of this 
paper, in this section we focus on one specific aspect: the 
relevance of the Indo-Pacific teleconnections in explaining 
inter-decadal variability in the wintertime NH circulation, 
particularly in the North Atlantic and European sector. In 
doing so, we argue that improving the simulations of inter-
annual-scale teleconnections may have a beneficial effect on 
the understanding of variability at time scales relevant to the 
climate change problem.
The inter-decadal variability and apparent long-term 
trend in the phase and amplitude of the NAO during 
boreal winter was a strongly debated topic around the end 
of the twentieth century, following a series of papers by 
Hurrell and collaborators (Hurrell 1995, 1996; Hurrell 
and Van Loon 1997; Hurrell et al. 2004; Hoerling et al. 
2004) which discussed extratropical impacts and possible 
dynamical explanations for the shift towards positive NAO 
values in the last quarter of the century.
Specifically, Hurrell et al. (2004) and Hoerling et al. 
(2004) used simulations made with AGCMs forced by 
observed SST to investigate possible tropical sources for 
the apparent NAO trend, and suggested a link between the 
(almost monotonic) warming of the Indian Ocean in the 
second half of the twentieth century and the NAO inter-
decadal changes. Although a number of other research 
groups tried to explain the observed changes over the 
North Atlantic as a response to SST changes (Sanchez-
Gomez et al. 2008; King et al. 2010), AGCM experiments 
typically explained only 30% to 50% of the observed 
signal.
The first decade of the twenty-first century saw a partial 
reversal of the NAO tendency, with negative NAO anomalies 
becoming prevalent during boreal winters in the so-called 
“warming hiatus” or “slowdown” (eg Trenberth and Fasullo 
2013). Still, significant differences in both the tropical and 
extratropical circulation during boreal winter can be seen 
between the first half and the second half of the 60-year 
period (1951 to 2010) covered by PRIMAVERA experi-
ments and by the CERA20C re-analysis. These are shown in 
Fig. 14 for SST from the HadISST-2 dataset, and for global 
precipitation and NH 500-hPa height from CERA20C. For 
consistency with statistics shown in previous sections, we 
focus on two-month averages in December-January, which 
are representative of changes computed over the whole win-
ter season and highlight the relevance of teleconnections 
from the Indian Ocean.
The maps of SST and 500-hPa changes (Fig.  14a, c 
respectively) are very similar to those derived from other 
SST datasets and re-analyses (see eg. Figure 11 in Molteni 
et  al. 2015, covering the last 50 years of the twentieth 
century). The inter-decadal changes in precipitation from 
CERA20C (Fig. 14b), however, are substantial and more 
difficult to validate against actual observations; they strongly 
resemble the leading EOF of Indian-West Pacific rainfall in 
boreal winter shown in Fig. 1b.
The 500-hPa height interdecadal changes (Fig. 14c) show 
a number of features resembling the early or mid-winter tel-
econnections from the WCIO and NINO4 tropical regions 
(Fig. 3a, b), specifically the high-latitude negative height 
anomalies over the North Pacific and the North Atlantic. 
This is consistent with the positive rainfall changes over 
these two tropical regions shown in Fig. 14b. However, look-
ing at the SST changes in Fig. 14a, it is worth noting that 
the SST increase in the tropical Indian Ocean is larger in 
the eastern than in the western part, while the precipitation 
changes show an opposite east–west gradient.
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We can test if the PRIMAVERA AMIP-type simula-
tions using prescribed SST from HadISST-2 reproduce the 
observed decadal changes. The (DJ 1980/2009) minus (DJ 
1950/1979) differences from the ECMWF and multi-model 
AMIP-H ensembles are shown in Fig. 15a–d respectively, 
for both rainfall and 500-hPa height. As typical for AMIP 
runs, the models tend to generate tropical rainfall patterns 
mostly in phase with SST gradients, so Indian Ocean rain-
fall increases in the east and (mostly) decreases in the west 
along the Equator. In a similar way, the AMIP simulation 
provide a poor simulation of North Atlantic changes in 500-
hPa height, with an NAO response which is either much 
weaker than the observed pattern (for the MME) or even of 
opposite sign (for the ECMWF ensemble).
The failure of AMIP ensembles in reproducing the pat-
tern of rainfall changes in the Indian Ocean is caused by the 
well-known inability of prescribed-SST runs to reproduce 
the negative correlation between SST and rainfall over the 
Eastern Indian ocean and around the Maritime Continents 
(e.g. Wang et al. 2005). Coupled runs, on the other hand, 
can reproduce the negative feedback on SST from changes 
in surface solar radiation and latent heat flux, but in multi-
decadal historical runs there is no guarantee that tropical 
SST variability at regional level will be in phase with obser-
vations. With this important caveat, we looked at the high-
resolution coupled runs from individual models. It turned 
out that those which showed the best connection between 
the NAO and WCIO rainfall at interannual scale (namely 
the CRNM-6, HadGEM-3 and MPI-ES; see Fig. 12) were 
also showing a positive interdecadal change of the NAO 
index, while the other three simulations had a NAO change 
of opposite sign. As a result, the MME mean of the CHist-H 
runs (not shown) has hardly any signal in either rainfall or 
NAO on this multi-decadal scale.
The strongest positive NAO signal was found in the 
HadGEM-3 simulation; the inter-decadal variations in rain-
fall and 500-hPa height from this run are shown in Fig. 16a, 
b. In the HadGEM-3 coupled simulation, Indian Ocean rain-
fall shows a pattern in better agreement with re-analysis than 
AMIP ensembles, with a positive maximum in the western 
part of the ocean (mainly south of the Equator) and nega-
tive changes between 90 and 150E. This is associated with a 
positive NAO signal in 500-hPa height, approximately twice 
as large as in the AMIP MME ensemble.
If there is indeed a relationship between the fidelity in 
simulating the WCIO teleconnection and the strength of the 
inter-decadal NAO signal, we should expect the “composite 
member” of the ECMWF CHist-H ensemble described in 
Sect. 4.1 (whose data are selected according the agreement 
between model and observed SST in the eastern equatorial 
Indian Ocean, and which shows a stronger WCIO -NAO 
teleconnection that any of the actual ensemble members) to 
also show a significant positive NAO change between the 
two 30-year periods. As shown in Fig. 16c, d, this is indeed 
the case: the change in the NAO index is actually larger than 
in re-analysis, and consistently the rainfall map shows a clear 
increase in the WCIO region and a decrease in the eastern 
Indian Ocean.
Although we cannot make statements regarding the 
robustness and significance of the inter-decadal changes 
simulated by individual coupled models, the statistics shown 
here strongly suggest that a correct simulation of the rain-
fall changes in the Indian Ocean is a pre-requisite for an 
adequate representation of NAO inter-decadal variability. 
However, because of the different relationship between SST 
and rainfall variability in the western and eastern part of 
the basin, the impact of decadal SST changes can only be 
properly simulated in coupled models. Carefully designed 
“pacemaker” experiments may provide a way to assess the 
impact of the observed changes in tropical rainfall in a cou-
pled-model framework. Alternatively, we may look at large 
ensembles of multi-decadal simulations (see Kay et al. 2015; 
Maher et al. 2019), where multiple realizations of the his-
torical climate record provide the opportunity for a proper 
statistical assessment of the simulated decadal variations and 
teleconnections (see eg. Bodai et al. 2020).
6  Conclusions
In this study, we have investigated how teleconnections link-
ing tropical rainfall anomalies and wintertime circulation 
in the northern extra-tropics are represented in historical 
simulations for the period 1950–2010 run by partners of 
the EU-funded PRIMAVERA project, following the High-
ResMIP protocol of CMIP6. The analysis has focussed on 
teleconnections from the western/central Indian Ocean in 
mid-winter and from the NINO4 region in both the early 
and the late part of winter; this choice is justified by a sub-
stantial change in the relationship between ENSO and the 
NAO in the two parts of the season. Model results for both 
coupled integrations and runs with prescribed sea-surface 
Fig. 10  Normalised errors of 500-hPa height teleconnection patterns 
for historical simulations run with six European climate models (no. 
1 to 6 on the x-axis; see Table 1), the 6-member ECMWF ensemble 
(no. 7 on x-axis), and the 6-member multi-model ensemble (no. 8), 
for the North Atlantic-European domain (left) and the Pacific-North 
American domain (right). Top, centre and bottom panels correspond 
to the teleconnection patterns in Fig.  3a–c. Red squares: AMIP-L; 
green circles: AMIP-H; blue circles: CHist-H simulations. The grey 
lines show the 90% and 95% percentiles of the error distribution 
obtained from the bootstrap re-sampling of the CERA20C record 
(note that lower values, obtained from 6 × 60-year samples, are used 
for 6-member ensembles)
◂
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Fig. 11  As in Fig. 6, but for the multi-model ensembles including single integrations from the six different climate models listed in Table 1. Stip-
pling indicates areas where differences from the CERA20C patterns in Fig. 3a–c are significant at a 90% confidence level
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temperature (SST) were validated against data from the lat-
est ECMWF  20th-century re-analysis, CERA20C (Laloyaux 
et al. 2018).
Using only a single historical simulation from each model 
configuration, it is difficult to detect a consistent change in 
the fidelity of model-generated teleconnections when either 
atmospheric resolution is increased or ocean coupling at 
high resolution is introduced. When simulations from six 
different models are pooled together in a MME, improve-
ments in some of the teleconnection patterns can be seen 
when moving from uncoupled to coupled simulations, par-
ticularly for the “traditional” late-winter teleconnection from 
central Pacific rainfall. This is also true for six-member 
ensembles performed with the ECMWF model. On the other 
hand, the teleconnection from Indian Ocean rainfall and the 
early-winter teleconnection from the NINO4 region over the 
North Atlantic and Europe are degraded when going from 
uncoupled to coupled ensembles.
A relatively consistent signal across models is the dif-
ference in performance when teleconnections from differ-
ent tropical regions and in different months are considered. 
While, according to a bootstrap re-sampling of CERA20C 
data, both the Indian Ocean teleconnection in DJ and the 
NINO4 teleconnection in JF are equally robust, the latter is 
well simulated in the majority of both uncoupled and cou-
pled runs, while the former is reproduced with (generally) 
much larger errors, and a high degree of variability between 
individual models and ensemble members. For the ECMWF 
coupled model, the degradation of the Indian Ocean telecon-
nection was found to be connected to an excessively large 
variability of SST in the eastern equatorial Indian Ocean 
during autumn, which in turn altered the relationship 
Fig. 14  Interdecadal differences between DJ-mean anomalies in the 
second and the first 30-year periods of the 1950–2010 record: (a) 
sea-surface temperature from HadISST-2; (b) precipitation from 
CERA20C; (c) NH 500-hPa height from CERA20C. The inter-dec-
adal change in the Portugal-Iceland NAO index is listed above c 
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between ENSO and rainfall anomalies in the central Indian 
Ocean in the following winter.
Deficiencies in the Indian Ocean teleconnection may have 
a significant impact on the simulation of decadal variabil-
ity and climate change over Europe during the cold season, 
when links between tropical and extratropical variability are 
of major importance. Decadal changes in tropical rainfall 
and NH geopotential height computed from CERA20C are 
consistent with the patterns of inter-annual teleconnections.
We investigated if the fidelity in simulating teleconnec-
tions on an inter-annual time scale was reflected in a realistic 
estimate of multi-decadal changes between the first and the 
second 30 years covered by the historical runs. For AMIP 
simulations, this is not the case; the AMIP runs failed to 
reproduce the observed pattern of Indian Ocean rainfall 
change which, in observations, has an opposite zonal gra-
dient with respect to SST changes. In coupled runs, some 
evidence of consistency across time scales was found. At 
least one model run with both realistic teleconnections and a 
good simulation of the inter-decadal pattern of Indian Ocean 
rainfall also shows a realistic NAO signal in extratropical 
multi-decadal variability. A strong positive change in the 
NAO pattern was also shown by a “composite member” 
of the ECMWF coupled ensemble, made by selecting data 
Fig. 15  Interdecadal differences in precipitation (a) and 500-hPa 
height (b), from the ECMWF high-res. AMIP ensemble, for the same 
periods as in Fig. 14; (c) and (d): as in (a) and (b), but from a multi-
model ensemble of high-res. AMIP simulation from the 6 European 
models in Table 1
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from members with a realistic SST variability in the eastern 
Indian Ocean on a yearly basis.
In summary, our assessment of teleconnections in PRI-
MAVERA models raises a number of issues which go 
beyond the impact of changes in model configurations. 
While evidence of the impact of atmospheric resolution and 
ocean coupling has been limited, our study has highlighted 
common differences in model performance when telecon-
nections from different sources and periods are considered. 
In addition, the analysis of the multi-decadal CERA20C 
record has confirmed that teleconnections active at interan-
nual time scale also play a major role on multi-decadal scale.
An important limitation in our study has been the avail-
ability of a single historical realization for most of the models. 
Historical ensembles of at least 5 to 10 members for each 
model configuration would be needed to improve the statistical 
significance of results presented here, and particularly to allow 
a meaningful (rather than tentative) analysis of the impact of 
tropical teleconnections on extra-tropical inter-decadal vari-
ability. A few large ensembles of climate simulations are now 
available to the scientific community (Kay et al. 2015; Maher 
et al. 2019), and they allow to separate the impact of long-term 
trends and internal variability at constant forcing. Hopefully, 
this should encourage future CMIP-type project to put stronger 
emphasis on the provision of ensemble simulations from the 
majority (or at least a large number) of participants.
Fig. 16  Interdecadal differences in precipitation (a) and 500-hPa 
height (b), from the high-resolution coupled simulation with the 
HadGEM-3 model, for the same periods as in Fig. 14; (c) and (d): as 
in (a) and (b), but from a composite dataset from the ECMWF CHist-
H ensemble, with data selected among the 6 members according to 
SST anomalies in the Eastern Equatorial Indian Ocean (see Sect. 4.1)
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Fig. 17  Fraction of GPCP rainfall variance explained by local CERA20C data (top) and EOF projections (centre), and correlation of calibrated 
CERA20C data with GPCP rainfall (bottom). Left: January 1981–2010, right: July 1981–2010
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Appendix: calibration of CERA20C rainfall 
against GPCP‑v2.3
Because of the limited amount of observational data used to 
constrain the model trajectory in the CERA20C re-analysis, 
it is inevitable that precipitation data generated in the re-
analysis display deviations from other observational data-
sets which reflect the assimilating model biases. In order to 
ensure a better compatibility between results obtained from 
CERA20C data and from other reliable datasets over the 
satellite (post-1979) era, such as the ERA-Interim re-anal-
ysis (Dee et al. 2011) and GPCP data (Adler et al. 2003), a 
linear calibration has been applied to CERA20C precipita-
tion to match closely the GPCP-2.3 monthly data over the 
1981–2010 period, corresponding to the second half of the 
full validation period used in this paper.
Since the calibration process is applied to each calendar 
month separately (even though overlapping data from adja-
cent months are used for continuity), in the following we 
describe the procedure applied to a given calendar month.
Let  PC(x,t) be precipitation from CERA20C in a sub-
sample including data for calendar months m, m1 = m-1, 
m2 = m + 1 and years 1981 to 2010 (where December data 
are used for m1 = 0 and January data for m2 = 13). Here, x 
is a grid-point coordinate covering the global domain. Let 
 PG(x,t) be the GPCP v2.3 data in the same space and time 
domain. Also, let  PC’(x,t) and  PG’(x,t) be the anomalies with 
the respect to the 30-year mean in each calendar month.
The first step of the procedure uses a linear regression to 
write  PG’(x,t) at each grid-point x as a sum of two compo-
nents, one proportional to  PC’(x,t) at the same grid-point and 
one orthogonal to  PC’(x,t)
(A1)P�G(x, t) = 훼(x) P
�
C
(x, t) + P�
O
(x, t)
The second step uses non-local data (i.e., at grid points 
different from x) to approximate the orthogonal residual 
 PO’(x,t). To achieve this, principal component analysis is 
applied to the  PC’(x,t) dataset on the global domain, and 
the first N principal components  pk(t) are selected, where 
k = 1,…,N. Then, at each grid point,  PO’(x,t) is regressed 
against the first N principal components:
where βk (x) are the regression coefficients at grid-point x 
and P”(x,t) is a residual term.
Eqs. (A1) and (A2) can be rearranged to write the GPCP 
anomalies as a sum of a regression term and a local residual:
where:
P′R(x,t) represents our calibrated estimate of the GPCP 
anomalies starting from CERA20C precipitation. Note that 
each principal component can be computed as the spatial 
inner product between the corresponding empirical orthogo-
nal function (EOF) and the global rainfall anomaly:
Therefore, a regression estimate P′R(x,t) can also be com-
puted from P′C(x,t) for month m in years 1950 to 1980 if 
the regression coefficients α(x), βk(x) and the EOFs derived 
from the 1981–2010 period are used. We chose to use N = 15 
EOFs in the estimation of the non-local correction in Eqs. 
A2 and A4. Note that, while the computation of regression 
coefficients and EOFs is done from a sample using three 
consecutive months in the 1981–2010 period, in the produc-
tion of the final calibrated dataset for the full 1950–2010 
period these coefficients are just used for the central month 
(since the procedure is repeated for each calendar month).
The impact of using non-local data in the calibration 
can be assessed by comparing the variance of GPCP pre-
cipitation explained by local and non-local (i.e. derived 
from global principal components as in Eq. A2) CERA20C 
data. These are shown in Fig. 17 for January and July data, 
together with the correlation coefficient between GPCP and 
the calibrated CERA20C data defined by Eq. A4 (note that 
the first step of the calibration process described by Eq. A1 
does not change the correlation with GPCP). For both origi-
nal and calibrated CERA20C data, correlations with GPCP 
data are higher in the boreal winter than in the boreal sum-
mer. For the original data, the largest proportions of variance 
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continents and the central/eastern equatorial Pacific, while 
the non-local correction adds relatively large fractions of 
variance in many subtropical regions, as well as (during 
boreal winter) in the eastern Indian Ocean and Maritime 
continents, and in the Southern Ocean.
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